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ProteasomeHyperglycemia is a hallmark of diabetes that is associated with diabetic complications and a reduction of
lifespan. Using the mev-1mutant of the nematode Caenorhabditis elegans we here tried to identify molecular
mechanisms underlying the lifespan reducing effects of glucose. The lowest glucose concentration tested
(10 mM) caused a signiﬁcant lifespan reduction at 37 °C and was used to assess effects on mitochondrial
efﬁciency, formation of protein carbonyls and levels of methylglyoxal, a precursor of advanced glycation
end products (AGEs). RNA-interference (RNAi) served the identiﬁcation of targets for glucose-induced damage.
Levels of protein carbonyls and AGEs remained unaffected by 10 mM glucose. Levels of reactive oxygen species
insidemitochondria were increased but their scavenging by ascorbic acid did not inﬂuence lifespan reduction by
glucose. Mitochondrial efﬁciency was reduced by glucose as concluded from a lowered P/O-ratio. A reduced
lifespan ofmev-1 that was unaffected by the addition of glucose resulted from RNAi of key players of mitochon-
drial unfolded protein response. Besides increased accumulation of misfolded proteins, reduced proteasomal
degradation caused the same phenotype as was evidenced by RNAi for UBQ-1 or UBA-1. Accumulation of func-
tionally impaired proteins, e.g. in mitochondria, underlies the lifespan reducing effects of glucose. Our study
provides evidence for a crucial importance of the proteostasis network for lifespan regulation which is impaired
by glucose.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Chronic hyperglycemia is generally recognized as the major cause
for the development of late onset diabetic complications [1] and leads
to premature death in most animals and humans [2]. Since perturba-
tions of glucose metabolism occur also during aging of healthy individ-
uals [3], although to a lesser extent than in diabetes, it is plausible to
conclude that hyperglycemia causes premature aging. Accordingly it is
not surprising that identical mechanisms are discussed to underlie
physiological as well as pathophysiological aging. The most relevant
are the enhanced generation of mitochondrial reactive oxygen species
(ROS) leading to increased protein oxidation [4,5], the formation of
advanced glycation end products (AGEs) due to non-enzymatic reac-
tions of glucose with proteins and nucleic acids that result in productsblocked unfolded protein re-
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rights reserved.that impair their function [6,7], and disturbances ofmitochondrial func-
tionality [8,9].
Although all of those parameters were shown to be associated
with diabetic complications and aging phenomena it is currently not
clear to which extent they contribute to lifespan regulation. Here we
used the nematode Caenorhabditis elegans, which is, according to its
short lifespan and its genetic amenability, regarded as a perfect model
organism to study the impact of individual parameters as affected by glu-
cose on the lifespan of the organism [10]. Moreover, we chose themev-1
mutant strain of C. elegans that carries a mutation in the cytochrome b
subunit of succinate dehydrogenase anddisplays increasedmitochondrial
ROS-generation at complex II of the respiratory chain [11], in analogy to
the situation observed in insulin-resistant subjects [12].
Regarding the responses of C. elegans to feeding high glucose con-
centrations it was shown that lifespan is reduced by such an interven-
tion [13,14]. In the nematode model those effects were associated
with increased ROS-formation and AGE-modiﬁcation of proteins [13].
Moreover, the inhibition of the activities of the FOXO family member
DAF-16 and the heat shock factor HSF-1, which are both inhibited by
insulin signaling, too, were also suggested to underlie glucose-induced
lifespan reductions [14].
In the present study 10 mM glucose was the lowest concentration
tested causing a signiﬁcant lifespan reduction inmev-1mutants at 37 °C.
According to previous studies incubation with this concentration results
in an increase of endogenous glucose levels from 6 mM to about 8 mM
566 E. Fitzenberger et al. / Biochimica et Biophysica Acta 1832 (2013) 565–573[13]. To prevent bacterialmetabolism of glucose, the nematodeswere fed
on carbenicillin-inactivated E. coli. Moreover, nematodes were incubated
in liquid medium, in order to achieve efﬁcient uptake of the dissolved
glucose [15]. Under these conditions mitochondrial functionality was
extrapolated from the levels of produced ROS, the consumed O2, the
mitochondrial mass, the number of actively respiring mitochondria, and
the ATP-levels generated. Moreover, protein modiﬁcations such as the
amount of oxidatively modiﬁed proteins and of methylglyoxal (MG), an
indicator for AGE-formation that could result from disturbed mitochon-
drial functionality were estimated. Finally RNA-interference (RNAi) was
used to identify targets of the proteostasis network that enable glucose
to exert its detrimental effects.
2. Methods
2.1. C. elegans and bacterial strains
C. elegans strains were maintained on nematode growth medium
(NGM) agar plates seeded with E. coli OP50 at 20 °C according to stan-
dard protocols [16]. C. elegans wildtype (N2) and mev-1 (TK22; kn1)
were obtained from the Caenorhabditis Genetics Center (University of
Minnesota, MN, US). For all experiments synchronous populations
were used that were obtained by bleaching [17]. RNAi clones were
obtained from Source Bioscience (Nottingham, UK) and included a
negative control (L4440), hsp-6 (C37H5.8), hsp-60 (Y22D7AL.5),
dve-1(ZK1193.5), xbp-1 (R74.3), abu-1 (AC3.3), ubq-1 (F25B5.4) and
uba-1 (C47E12.5).
The RNAi clone of abu-11 (T01D1.6)was constructed using standard
cloning techniques. In brief, it was generated by total RNA isolation
of C. elegans N2 strain with Trizol (Invitrogen, Karlsruhe, Germany)
and a subsequent reverse transcription to cDNA, followed by ampli-
ﬁcation of the abu-11 cDNA by PCR. The resulting PCR ampliﬁcation
product was cloned by the use of the Topo TA cloning Kit (Invitrogen,
Karlsruhe, Germany). After ampliﬁcation, the abu-11 sequences and
the pL4440-vector were digested with HindIII and XhoI. The digested
products were separated by agarose gel electrophoresis and were
puriﬁed by the peqGOLD Gel Extraction Kit (Peqlab, Erlangen, Germany),
before the abu-11 insert was ligated by T4-ligase (Roche, Grenzach,
Germany) into the digested L4440 vector. The vectors were transferred
into bacterial HT115(DE3) strains using standard heat shock protocols
and plated on antibiotic-containing 2xYT agar plates. The sequence
was veriﬁed by custom-sequencing with M13 sequencing primers
(JLU, Microbiology Institute, Gießen, Germany).
2.2. RNAi experiments
RNAi experiments were performed in liquid cultures as previ-
ously described [18,19]. In brief, expression of gene-speciﬁc
dsRNA in the corresponding RNAi feeding strain was induced
with 1 mM isopropyl-β-D-thiogalactopyranoside for 1 h at 37 °C
to trigger interference. Subsequently, bacterial cells were washed
and resuspended in NGM that contained 50 μg/ml kanamycin to in-
activate bacteria. 44 μl of this suspension was dispensed in each
well of a 96-well-plate (Greiner Bio-One, Frickenhausen, Germany), to
which 10–15 synchronized L1 larvae were added. In general, L1 larvae
reached the adult stage within 3 days of incubation with agitation at
20 °C.
Knockdown of the corresponding genes was veriﬁed by qPCR as
described previously [20] and changes in the target gene expression
were calculated according to Pfafﬂ [21] using equation 2−ΔΔCT. For
each sample the fold change in the target gene was normalized to
18S rRNA and relative to the control expression. For determination
of RNAi efﬁciency unique primer pairs (Euroﬁn MWG Operon) recog-
nizing only cDNA derived from endogenous mRNA were designed to
avoid cross-reaction with genomic DNA and bacterially generated
dsRNA. Primers used were: 18S-rRNA-fw 5′-ATG GTT GCA AAG CTGAAA CT-3′, 18S-rRNA-rev 5′-TCC CGT GTT GAG TCA AAT TA-3′;
hsp-6-fw 5′-AGG AAC AAC AGA GTA AGA TTT TC-3′, hsp-6-rev 5′-TCG
ATT TGG TCC TTG GAA AG-3′; hsp-60-fw 5′-AGG AGA AGC TTA ATG
AGC G-3′, hsp-60-rev 5′-ACA CGG TCC TTC TTC TCT-3′; dve-1-fw
5′-TCG AGG CCT CAT ACA AGT AA-3′, dve-1-rev, 5′-AAG AGG TTT TCC
ACA GTG TC-3′; ubl-5-fw 5′-TTC GAG CTC TAC TAC CAA TG-3′,
ubl-5-rev 5′-AGT GTT GAA ATT TAT TCG AAG TC-3′; abu-1-fw 5′-GTG
CCA GCA AAA CTA TTC TC-3′, abu-1-rev 5′-ACT GAT GTC AAA GTT
ACG CA-3′; abu-11-fw 5′-CAA GCT TGA AAT GAA CAC CA-3′,
abu-11-rev 5′-GAG GAA CAC ATT CTC CTC AG-3′; xbp-1-fw 5′-ACG
TAT TTA TGT GCT CCC AG-3′, xbp-1-rev 5′-TAT CAT CGC CAA GAA GTT
GT-3′, bec-1-fw, 5′-GAA AGA GCT CAA GGA TCG AA-3′, bec-1-rev
5′-AAC ATC TGT GTT GAG TGT CA-3′; ubq-1-fw 5′-GCG TCT TAT CTT
TGC TGG-3′, ubq-1-rev 5′-GAG CAC CAA GTG GAG AG-3′; uba-1-fw
5′-CAC TTT CTG GGG TCA ATC AG-3′, uba-1-rev 5′-TCC TCC GGC ATT
ATT GCT A-3′. Relative mRNA levels in nematodes cultured on
RNAi-bacteria were signiﬁcantly lower (pb0.01) than mRNA levels of
the control, that was fed L4440, and were below 0.25 for all genes
tested.
2.3. Lifespan analysis at 37 °C
Synchronous nematodes were raised in liquid culture using
NGM liquid and packed E. coli OP50 according to Stiernagle [17].
Carbenicillin was added to the NGM liquid in order to inactivate
E. coli. A volume of 44 μl of NGM liquid was dispensed in each well of
a 96-well microplate (Greiner, Bio-One, Frickenhausen, Germany), to
which 10 μl M9 buffer containing 10 synchronized L1 larvae was
added. L1 larvae were maintained shaking at 20 °C and reached the
adult stage within 3 days. To young adult nematodes a volume of 6 μl
glucose solution was added reaching a ﬁnal concentration of 10 mM.
To control nematodes 6 μl of M9 buffer was added.
Nematode lifespan was determined 48 h later using a microplate
thermotolerance assay as described [22]. In brief, nematodes were
washed off thewells withM9-buffer into 15 ml tubes followed by addi-
tional three washing steps. In eachwell of a black 384-well low-volume
microtiter plate (Greiner Bio-One, Frickenhausen, Germany) 6.5 μl
M9-buffer/Tween® 20 (1% v/v) solution was added. Subsequently,
one nematode was dispensed in 1 μl M9 buffer under a stereomicro-
scope (Breukhoven Microscope Systems) into each well and mixed
with 7.5 μl SYTOX green (ﬁnal concentration 1 μM; Life Technologies,
Karlsruhe, Germany). To prevent water evaporation the plates
were sealed with Rotilab sealing ﬁlm and covered with a lid (Greiner
Bio-One, Frickenhausen, Germany). Heat shock (37 °C) was induced
and ﬂuorescence was measured with a Fluoroskan Ascent microtiter
plate reader (Thermo Labsystems, Bonn, Germany) every 30 min. To
detect SYTOX green ﬂuorescence, excitation wavelength was set to
485 nm and emission was measured at 538 nm.
For lifespan analysis of mev-1 mutants at 20 °C nematodes were
treated as described above for the preincubation in the thermotolerance
assay. Worms were moved to wells containing fresh medium and com-
pounds every third day with a glass capillary and scored as dead when
they did not respond to amechanical stimulus or nomore pharynx con-
traction was seen. Experiments were started with 70 worms per group
and 10 worms as a reserve for lost or bagged individuals.
2.4. Microscopic analysis of ROS-levels, activity, and biogenesis of
mitochondria
To determine ROS-levels, active respiring mitochondria, and the
number of mitochondria, synchronous L1 larvae were raised in NGM
liquid and treated from the young adult stage for 48 h with the
0.5 μM MitoTracker® Red CM-H2XRos and 0.5 μM MitoTracker® Red
CM-XRos, respectively, in the absence or presence of glucose. For
epiﬂuorescence microscopy (Axioskop2, Zeiss, Jena, Germany) worms
were washed in M9:Tween® 20 and anaesthetized by addition of
567E. Fitzenberger et al. / Biochimica et Biophysica Acta 1832 (2013) 565–5732 mM levamisole. The dyes were visualized by their emission b615 nm
after excitation at 530–585 nm. Images were recorded at 50 fold mag-
niﬁcation with a MotiCam 5000 and Motic Images Plus 2.0 software.
Quantiﬁcation of ﬂuorescence intensity was done using ImageJ (NIH).
The number ofmitochondriawas determined using 0.2 μMMitoTracker®
Green FM that was added to L1 larvae in NGM liquid. The dye was
detected by emission at 515–565 nm after excitation at 450–490 nm.
2.5. Oxygen consumption
Oxygen consumption of nematodes was determined using PreSens
OxoPlates® (PreSens, Regensburg, Germany). For calibration oxygen
free water and air-saturated water were prepared according to the
supplier's instructions. For measurements of nematodes' O2 consump-
tion, approximately 100 young adult nematodes were transferred to a
well in a volume of 180 μl, before the 20 μl treatment solution was
added and the measurement was started. Fluorescence was read using
the Fluoroskan Ascent FL ﬂuorometer in the dual kinetic mode with
the ﬁlter pairs 540/650 nm for the indicator dye and 540/590 nm for
the reference dye.
2.6. ATP measurements
The ATP-content ofmev-1 homogenate was determined by use of the
ATP Bioluminescence Assay Kit CLS II (Roche, Grenzach, Germany), which
relies on the ATP-dependency of the light emitting luciferase-catalyzed0 1 2 3 4 5 6 7 8
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Fig. 1. Glucose treatment decreases the lifespan of the mev-1 mutant and of wildtype C. ele
exposed to 10 mM glucose for 48 h before lifespans were recorded at 37 °C using SYTOX-g
at 20 °C were transferred to fresh media and compounds every third day with a glass cap
more pharynx contraction was seen (A, right panel). Mitochondrial ROS-levels in the pres
MitoTracker CM-H2XRos staining (B, left panels) and quantiﬁed using ImageJ (B, right panel).
of 250 μM AA are given in (C). ***pb0.001 versus control mev-1; ###pb0.001 versus glucose troxidation of luciferin. To obtain a sufﬁcient quantity of homogenate,
about 600 worms per group were washed in M9/Tween® 20 (1% v/v)
and centrifuged at 1200 ×g. After the supernatant had been removed,
500 μl lysis buffer (77 mM Tris–HCl, 100 mM NaCl, 50 mM EDTA, 1%
SDS (w/v)) was added. The worms were frozen at −80 °C and subse-
quently homogenized in boiling water for 15 min.
Luciferase reagent and ATP standards were prepared according to
the manual's instructions. The assay was set up in a white 96 well
microplate with four replicates for each ATP standard concentration
and probe. Per well 50 μl ATP standard or probe was mixed with 50 μl
luciferase reagent. Luminescence was measured in the Fluoroskan
Ascent FL using the default voltage of 890 V and an integration time
of 1 s. The remaining probe was used to determine the protein con-
centration, using a standard Bio-Rad protein assay (Bio-Rad, Munich,
Germany).2.7. OxyBlot
The Millipore OxyBlot™ Protein Oxidation Detection Kit was used
for immunoblot detection of carbonylated proteins. Protein from
nematodes was isolated as described for the determination of MG.
The concentration of isolated proteins was adjusted to 1.5 mg/ml before
derivatizationwasperformed according to the instructionmanual, using
5 μl protein sample. Derivatized proteins were separated by 8.5%
SDS-PAGE and blotted onto a PVDF membrane (1 h, 1.0 mA/cm2). The
membrane was blocked with 1% milk in TBS/0.05% Tween® 20 and9 1011 121314
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gans. Mev-1 mutants (a, left panel) or N2 wildtype nematodes (a, middle panel) were
reen to indicate dead worms. Mev-1 nematodes fed on NGM with or without glucose
illary and scored as dead when they did not respond to a mechanical stimulus or no
ence of 10 mM glucose with or without 250 μM ascorbic acid (AA) were detected by
The lifespans of control mev-1 and those treated with glucose in the absence or presence
eated worms.
568 E. Fitzenberger et al. / Biochimica et Biophysica Acta 1832 (2013) 565–573probed with antibodies as described in the instruction manual of the
OxyBlot kit. β-Actin from non-derivatized samples was detected as a
loading control for the normalization of intensities of the bands be-
tween the different treatments by the use of a horseradish-peroxidase
conjugated goat-anti-rabbit-IgG (Santa Cruz, Heidelberg, Germany).
For chemiluminescence detection the membrane was incubated for
1 min with freshly prepared enhanced chemiluminescent solution
(1 M Tris pH 8.5, 90 mM p-coumaric acid, 250 mM luminol, 0.01 %
H2O2). An autoradiography ﬁlm was exposed for 5 min to detect im-
munoreactive bands. Band intensities were quantiﬁed using ImageJ
(NIH).
2.8. Methylglyoxal ELISA
Groups of 10,000 nematodes were treated with lysis buffer (0.8 M
sucrose, 1 mM EDTA, 10 mM Tris–HCl, 0.5 mM PMSF), twice freeze–
thawed at −80 °C and room temperature, respectively, and subse-
quently sonicated on ice. MG was determined from protein extracts
by use of the OxiSelect Methylglyoxal ELISA Kit (BIOCAT, Heidelberg,
Germany) according to the manufacturer's instructions, except that
protein concentration was adjusted to 100 μg/ml and TBS was used
instead of PBS. Absorbance was read in an Ascent Multiskanmicroplate
photometer (Thermo Fisher) at 450 nm.DNP-
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Fig. 2. Protein carbonyls and MG cannot explain the lifespan reduction by glucose. (A) Protei
nematodes incubated for 48 h in the absence (control) or presence of 10 mM glucose. Lan
worms. To lanes 1 and 3 DNP-derivatized proteins were loaded, to lanes 2 and 4 non-deriva
densitometrically using β-actin as reference. (B) MG was assessed using an ELISA in mev-1
10 mM glucose, subsequently mitochondrial ROS (C), protein carbonyls (D), MG (E),
***pb0.001 versus the control.2.9. Calculations and statistics
Statistical analyses were performed with GraphPad Prism 5.0 soft-
ware (GraphPad, La Jolla, CA, USA). Log rank testwas performed to com-
pare survival rates with p valuesb0.05 being signiﬁcant. Kaplan–Meier
survival curves are shown for lifespan experiments.
For group comparisons, analysis of variance (ANOVA)was performed.
Differences between groups were determined by Bonferroni–Holmmul-
tiple comparison test. Results are presented as means±SEMwith signif-
icance levels of pb0.05 (*), pb0.01 (**), and pb0.001 (***), respectively.
The O2-concentration pO2 (% air saturation) was calculated for each
measurement point according to the OxoPlate®manual. Using GraphPad
Prism 5.0 the time-dependent decrease in O2-concentration is displayed
as means±SEM.
3. Results
3.1. Glucose at 10 mM reduces the lifespan of C. elegans mev-1 mutants
under heat stress independent of mitochondrial ROS-production
Glucose when added at a concentration of 10 mM for 48 h to young
adult mev-1 nematodes signiﬁcantly reduced the lifespan measured at
37 °C for 12 h (Fig. 1A, left panel).Wildtype nematodes displayed longerM]
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glucose also with a signiﬁcant lifespan reduction (Fig. 1A, middle
panel). The reductions of survival due to the addition of glucose
were not dependent on increased temperatures as becomes evident
from the lifespan curves recorded formev-1 in the absence or presence
of 10 mM glucose at 20 °C (Fig. 1A, right panel). The diminished
lifespan was found to be associated with increased mitochondrial
ROS-levels (Fig. 1B). Although increased ROS-levels could be decreased
to levels found in control mev-1 by addition of 250 μM ascorbic acid to
glucose-exposed nematodes, this intervention was not able to rescue
the worms with regard to lifespan (Fig. 1C; for average lifespans see
Table S1 in Supplement).3.2. Glucose at 10 mM does not affect protein carbonyls or MG in mev-1
Increased ROS-levels might ultimately lead to introduction of car-
bonyl groups into proteins by oxidative reactions which can impair
their functionality directly, or contribute to the formation of AGEs.
Using the OxyBlot™ Kit and the OxiSelect MG-ELISA it was demon-
strated that 10 mM glucose did neither increase the levels of protein
carbonyls in mev-1 (Fig. 2A) nor the levels of MG (Fig. 2B), which is a
reactive carbonyl derived from glucose oxidation that reacts with
proteins to result in the production of AGEs. To prove, however, that
those parameters are responsive to glucose in ourmodel, 10-fold higher
glucose concentrations, i.e. 100 mM,were applied. This resulted in sim-
ilar rise ofmitochondrial ROS-levels (Fig. 2C) as observed under 10 mM
glucose (Fig. 1B), whereas both MG- (Fig. 2D) and AGE-levels (Fig. 2E)
were signiﬁcantly increased. Lifespan reduction caused by 100 mMglu-
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3.3. Mitochondrial efﬁciency is slightly reduced by 10 mM glucose
In order to ﬁnd out whether increased ROS-levels in mev-1 are a
consequence of reduced mitochondrial efﬁciency, O2-consumption
and ATP-levels were measured under glucose-exposure. Whereas
O2-consumption was signiﬁcantly increased in the presence of glucose
(Fig. 3A), ATP-levels remained unaltered (Fig. 3B). Mitochondrial efﬁ-
ciency, however, can also be expressed as the ratio of actively respiring
mitochondria andmitochondrialmass. Both parameterswere increased
by 10 mM glucose (Fig. 3C,D), whereas mitochondrial efﬁciency was
reduced by 10.1±3.3%, although this result did not reach statistical sig-
niﬁcance (data not shown).
3.4. Inhibition ofmitochondrial unfolded protein response (UPRmt) reduces
the lifespan of mev-1 mutants and prevents further lifespan reductions by
glucose
In order to ﬁnd out whether other mitochondrial functions rele-
vant for the survival of cells and organisms are hampered by glucose,
knockdown of key proteins of UPRmt was accomplished. Hsp-6 and
hsp-60 encode mitochondrial-speciﬁc chaperones that are members of
the HSP70 and HSP40 superfamilies of molecular chaperones whereas
DVE-1 binds to hsp-6 and hsp-60 promoters upon mitochondrial stress,
and UBL-5 is suggested to permit the interactions of DVE-1 with
cis-elements of the DNA. RNAi for every of the four factors reduced
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S2 in Supplement).
3.5. Decreased expression of further members of the proteostasis network
affects also the response of mev-1 to glucose
Likewise to what has been shown for proteins of UPRmt, also knock-
downofmembers of unfoldedprotein response of endoplasmic reticulum
(UPRER), such as XBP-1, ABU-1, and ABU-11, diminished the lifespan of
C. elegans mev-1 mutants and blocked any further inﬂuence of glucose
on lifespan (Fig. 5; for average lifespans see Table S2 in Supplement).
Whereas XBP-1 controls a signaling pathway to prevent endoplasmic
reticulum (ER) stress, its blockade triggers the expression of genes acti-
vated in blocked UPR (abu) to compensate for the lack of XBP-1, dem-
onstrating that ER stress is increased in the absence of abu genes aswell.
3.6. Knockdown of BEC-1, a key protein for the formation of autophagosomes,
blunts the toxicity of glucose by activation of the proteasome
RNAi for proteins playing a role in proteasomal degradation, such
as the ubiquitin UBQ-1 and the ubiquitin-activating enzyme UBA-1,
limits the lifespan of mev-1 mutants and made them unresponsive
to glucose (Fig. 6A,B). Interestingly, RNAi for BEC-1, a protein which
is essential for the formation of autophagosomes, turned out to be with-
out effects on the lifespan of mev-1, whereas its reduced expression0 1 2 3 4 5 6 7 8 9 10 11 12
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Fig. 4. UPRmt is a target for glucose. RNAi for hsp-6 (A), hsp-60 (B), dve-1 (C), and ubl-5 (D
completely prevented effects of 10 mM glucose on lifespan. ***pb0.001 versus mev-1 contrcompletely prevented the lifespan shortening effect of glucose (Fig. 6C).
Moreover, simultaneous RNAi for BEC-1 and UBQ-1 resulted in iden-
tical responses as observed under knockdown of the key protein for
proteasomal protein degradation alone (Fig. 6D; for average lifespans
see Table S2 in Supplement), suggesting that bec-1 RNAi leads to the
activation of the proteasome.4. Discussion
Caloric restriction is a simple and highly reproducible method for
delaying the aging process [23]. Those effects on longevity are associat-
edwith ameasurable decrease of hyperglycemia and hyperinsulinemia,
accompanied by modiﬁcations of intermediary metabolism and in-
creased resistance to endogenous and extraneous stress [23]. In so far,
diabetes represents a paradigm of the opposite, i.e. increased hypergly-
cemia and hyperinsulinemia leading to degenerative complications,
especially in cells of organs and tissues that display unrestricted uptake
of glucose, such as endothelial cells [24], pericytes [25], neurons [26],
and glomerular cells [27]. Enhancedﬂuxes of glucose through glycolysis
and tricarboxylic acid cycle ﬁnally lead to enhanced generation of
reduction equivalents that increase the rate of ROS insidemitochondria,
which ﬁnally inhibits glyceraldehyde-3-phosphate dehydrogenase
and drives upstream-metabolites of glucose degradation into alter-
native, diabetes speciﬁc pathways, such as the polyol-pathway, the
diacylglycerol-pathway, the generation of UDP-N-acetyl-glucosamine0 1 2 3 4 5 6 7 8 9 10 11 12
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), key components of UPRmt, all reduced the lifespan of C. elegans mev-1 mutants but
ol nematodes.
Fig. 5. Glucose inhibits the UPRER. RNAi of xbp-1 (A), abu-1 (B), or abu-11 (C) causes the same response versus 10 mM glucose as described for knockdown of UPRmt members.
**pb0.01 versus control; ***pb0.001 versus the control.
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is primarily relevant for the development of diabetic complications is as
muchunder debate aswhich of their inhibitions is pivotal for an increase
of lifespan under caloric restriction. This situation is best exempliﬁed
by the importance of ROS within the aging process. Already in 1956
D. Harman presented the free radical theory of aging, proposing that
deleterious effects of free radicals on cell constituents contribute to
the aging process [29]. However, the role of free radicals in aging is
still controversially discussed [30] and there are reports demonstrating
thatmoderate ROS-stress can induce hormetic adaptations from nema-
todes [31–33] to humans [34,35]. Likewise to ROS even AGEs have been
challenged regarding their contribution to glucose-induced degenera-
tions [36] or aging [37] and it was pointed out that support of the pro-
tein quality control, including autophagy, could play a more important
role to prevent aging phenomena by clearing cellular damage [36–38].
In the present study, we used themev-1mutant of themodel organ-
ismC. elegans to investigatewhether glucose-triggered pathwayswhich
are linked to diabetic complications are relevant for glucose-mediated
reductions of lifespan. Therefore, we used a concentration of 10 mM
that was proven before to moderately increase the glucose concentra-
tion inside the nematodes [13,14]. Moreover, we applied the glucose
in a liquid medium since we have found previously that compounds
are ingested more efﬁciently, when supplied dissolved in liquid instead
of pouring themonto agar plates, as evidenced by amore consistent and
much higher juglone-driven activation of the hsp-16.2 promoter [15].
The liquid medium contained in addition E. coli as a food source thatwere inactivated by carbenicillin in order to prevent bacterial use of
the substrate. Lifespan was generally measured under heat stress at
37 °C after it had been conﬁrmed that the survival reducing effects of
glucose are present also at 20 °C. The amount of glucose was high
enough to produce a substantial increase in mitochondrial ROS that,
however, could not be made responsible for the lifespan reduction
observed, since their ablation by adding the ROS-scavenger ascorbic
acid did not inﬂuence the lifespan of mev-1. The increased ROS-levels
in mitochondria appear to reﬂect the inefﬁciency of mev-1 mitochon-
dria to transfer the delivered reduction equivalent adequately
through the respiratory chain since ATP-levels were found to remain
unaltered under exposure of the nematodes to glucose in spite of
increased O2-consumption.
Although AGEs are commonly regarded as triggers of aging and di-
abetic complications [39] we did not observe an inﬂuence of 10 mM
glucose on the levels of MG, a key precursor of AGE formation [40].
Also protein carbonyls, the most widely used marker of oxidative
modiﬁcation of proteins [5], were not affected by 10 mM glucose,
demonstrating that classically used markers of protein damage are
unaffected by a glucose concentration that leads to a signiﬁcant lifespan
reduction. More importantly, higher glucose concentrations led to an
increase in mitochondrial ROS, protein carbonyls and MG but did not
show stronger effects on lifespan than the lower glucose concentrations.
In spite of a lack of evidence that ROS, protein carbonyls, and AGEs
are directly linked to the observed reduction of lifespan in mev-1
nematodes by glucose, it might be considered that glucose causes more
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Fig. 6. Activation of proteasomal degradation by inhibition of autophagosomal degradation blunts the reduction of lifespan by glucose. RNAi for ubq-1 (A) or uba-1 (B) shows that
proteasomal degradation is also affected by glucose. Knockdown of bec-1, which is essential for autophagosome formation, was without effect on lifespan of mev-1 but abrogated
the lifespan reducing effects of glucose (C). Simultaneous RNAi for bec-1 and ubq-1 resulted in a diminished lifespan and the prevention of further lifespan reduction by the addition
of glucose. ***pb0.001 versus the control.
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tional impairments, e.g. in mitochondria. Because functional distur-
bances of mitochondria are also discussed to underlie aging [41] and
glucose-induced degenerations [42] we assessed the effects of glucose
on the P/O-ratio and the number of actively respiring mitochondria
and the mitochondrial biogenesis. Whereas the signiﬁcantly reduced
P/O-ratio points to mitochondrial impairment by glucose, activity and
biogenesis of mitochondria were found to be increased but could not
prevent the decline of their ratio. Overall these data suggest that mev-1
mitochondria are less efﬁciently working under glucose exposure.
It appeared plausible to conclude, that those functional impairments
could derive from disabled protein folding, which plays a central role in
protecting cellular homoeostatic processes from environmental and
physiological insults [43]. To exclude confounding of the results by the
bacterial diet, in all RNAi experiments worms fed with HT115 carrying
the empty L4440 vector (in the absence and presence of glucose)
were used as control. Nevertheless, it cannot be neglected that feeding
E. coli HT115 or OP50 results in different metabolic proﬁles and pheno-
types ofC. elegans [44]. Especially the smaller effects of glucose on survival
when feeding HT115 might be attributable to their higher carbohydrate
content compared to OP50 [45].
It could be shown here that the knockdown of individual members
of UPRmt but also UPRER led to a lifespan reduction that was very
similar to that observed in mev-1 exposed to 10 mM glucose and more
importantly, the diminished expression of those proteins involved inproteostasis prevented a further lifespan reduction by the addition of glu-
cose. Indeed a malfunction of the UPR caused by aging or environmental
factors has been associated with various diseases that have been desig-
nated as conformational diseases, including diabetes [46,47]. Besides cor-
rect folding, degradation of proteins either by proteasomes or lysosomes
is essential for maintenance of cellular homoeostasis and for the regula-
tion of multiple cellular functions [48]. Moreover, malfunctioning of
these two proteolytic systems can contribute to different aspects of the
phenotype of aging and to the pathogenesis of age-related diseases
[48]. In our study, the inhibition of proteasomal protein degradation
by knockdown of ubq-1 or uba-1 reduced the lifespan ofmev-1 and like-
wise to the knockdown of chaperones, which facilitate the sorting of
non-native proteins to the proteasome and the lysosomal compartment
for disposal [49], prevented a further lifespan reduction by glucose.
Surprisingly, the knockdown of BEC-1, an essential component for the
generation of autophagosomes and lifespan extension in C. elegans [50],
was without inﬂuence on lifespan under standard conditions whereas it
completely prevented the lifespan reduction caused by glucose. This
result let us suggestﬁnally that glucose increases the delivery of aged pro-
teins to the autophagosomal degradation pathway, which is associated
with a reduction in lifespan. Preventing this by the inhibition of BEC-1 is
suggested to deliver the aged proteins exclusively to the proteasomal
degradation pathway. The latter must be up-regulated in the absence of
BEC-1 since knockdown of ubq-1 reduced the lifespan of mev-1 nema-
todes under simultaneous bec-1 RNAi signiﬁcantly.
573E. Fitzenberger et al. / Biochimica et Biophysica Acta 1832 (2013) 565–573In conclusion, moderate increase of glucose in mev-1 mutants of
C. elegans reduced the lifespan of the nematodes without affecting
classical markers of aging and diabetic complications, such as protein
carbonyls or AGEs. Instead proteasomal and autophagosomal degra-
dation inﬂuence the lifespan effects of glucose, with the proteasomal
degradation pathway as triggered by the inhibition of autophagosomal
degradation essentially preventing glucose toxicity.
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbadis.2013.01.012.
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